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ABSTRACT 
 
 
Herbivory produces direct and indirect effects on plants and at different spatial scales will 
have varied consequences. Consumption of plants by vertebrate grazers may affect the plants on 
an organismal level through direct mortality, on a community level by changing species 
composition or by altering the rate of succession, and even at a whole ecosystem level by 
altering nutrient cycles. 
The majority of the scientific literature has focused extensively on herbivory by 
mammals and birds. With regard to mammals, studies have shown how folivory affects 
individual plants, plant populations, and communities of plants.  
Mammals, as well as birds, also ingest and disperse seeds. This dispersal of seeds by 
animal consumption, known as endozoochory, allows the non-motile parent plant to disperse 
seeds to otherwise unreachable locations. Endozoochory may also have an effect on the 
germination of seeds.  
Attempts to quantify the effects of non-avian reptiles on plants and plant communities 
through folivory and frugivory is lacking, despite the prevalence of some form of herbivory in 
many non-avian reptile groups.  
I examined the effect of the gopher tortoise (Gopherus polyphemus) herbivory on plant 
community composition on Egmont Key, Florida by direct experimentation with folivory and 
frugivory (chapter 1). This species was chosen because of its relatively large size, high density 
on the proposed field site, and because it is easy to locate due to the presence of large 
 vii
conspicuous burrows in the ground. These burrows provide a central location by which the 
tortoise begins and ends a foraging activity. Tortoise exclosure plots were used to directly 
measure the effects of grazing on plant counts and biomass, species richness, biodiversity, and 
species dominance and evenness. At the conclusion of these exclosure experiments, cafeteria-
feeding trials were conducted to relate dietary preference to the plant abundance results found in 
the field. Seeds from the plant species found on Egmont Key were also fed to tortoises to 
determine the effects that passage through the tortoise gut had on seed germinability (chapter 2). 
Seeds that passed through the gut were collected from scat, and planted alongside control seeds 
that were not consumed by tortoises. Each treatment also was planted with and without tortoise 
scat to determine if altered germinability post ingestion was from physiological effects from gut 
passage, or simply being in the presence of scat. Finally, a meta-analysis was conducted looking 
at the effects of gut passage on seed germinability across different animal taxa and several other 
moderators (chapter 3).  
Tortoise exclosure plots had lowered species richness, and significantly lowered diversity 
and evenness, but significantly higher dominance than in controls. Heliotropium polyphyllum, 
the most highly preferred local species by tortoises, was the most dominant plant in exclosure 
and control plots and became even more dominant in exclosure plots. The abundance and 
biomass of the next two most common plant species, Fimbristylis cymosa and Polypremum 
procumbens, which are not preferred by tortoises, were reduced in the exclosures, probably due 
to increased competition with Heliotropium. Several rare plant species were eliminated in the 
exclosure plots. I conclude that tortoise herbivory may directly influence plant community 
assembly by reducing preferred plant species and promoting the growth of non-preferred species.  
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 Ingested seeds from two fleshy-fruited plant species germinated in greater proportions 
and in less time than control seeds. The presence of scat also increased germination proportion 
following gut passage and decreased time to germination in both these species. Germination 
proportions in five dry-fruited native species were either not affected, or lowered, and time to 
germination was either not affected, or slower following gut passage. Similarly, the effects of 
scat had no effect on germination percentage in these species, or decreased it, and had no effect 
on time to germination, or increased it. One nonnative dry-fruited species was also tested and 
while germination percentage following gut passage was unaffected, time to germination 
decreased. Similarly, while the addition of scat increased germination percentage, there was no 
effect on time to germination. In summary, only seeds from fleshy-fruited plant species were 
consistently positively affected by passage through gopher tortoise guts and by gopher tortoise 
scat.  
Utilizing meta-analyses, I found non-flying mammals, but no other herbivores, enhance 
the percentage of seeds germinating compared to uningested seeds, and non-avian reptiles were 
found to decrease the time to germination. Seeds from fleshy fruits, despite being evolved for 
vertebrate herbivore consumptions, did not germinate faster or in greater proportions than did 
seeds from dry-fruited plant species. Seeds dispersed by animals native to the same areas as the 
plants displayed enhanced germinability compared to uningested seeds, as did those dispersed by 
herbivores or omnivores, and seeds passed by herbivores and omnivores cause increased 
germination proportions in faster times than those passed by carnivores. 
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CHAPTER ONE: 
 
Gopher tortoise herbivory increases plant species richness and diversity 
Abstract 
 Mammalian herbivores often alter plant species richness and diversity, but such effects 
have been poorly investigated in reptiles. This study examined the effects of gopher tortoise 
(Gopherus polyphemus) herbivory on species richness, Gini-Simpson diversity, dominance, 
evenness, plant abundance, and biomass. Tortoises herbivory was eliminated in five areas 
through the use of exclosure plots for a period of two years and were compared to five similar 
areas where tortoises were allowed to feed. Cafeteria feeding trials were also used to quantify 
dietary preference. 
Tortoise exclosure plots had lowered species richness, and significantly lowered diversity 
and evenness, but significantly higher dominance than in controls. Heliotropium polyphyllum, 
the most highly preferred local species by tortoises, was the most dominant plant in exclosure 
and control plots and became even more dominant in exclosure plots. The abundance and 
biomass of the next two most common plant species, Fimbristylis cymosa and Polypremum 
procumbens, which are not preferred by tortoises, were reduced in the exclosures, probably due 
to increased competition with Heliotropium. Several rare plant species were eliminated in the 
exclosure plots. I conclude that tortoise herbivory may directly influence plant community 
assembly by reducing preferred plant species and promoting the growth of non-preferred species.  
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Introduction 
Consumption of plants by herbivores may affect plants on an organismal level through 
direct mortality (Belsky 1986), on a community level by changing species composition 
(Augustine and McNaughton 1998, Cingolani et al. 2005, Kempel et al. 2015) or by altering the 
rate of succession (Rogers et al. 2001), and even at a whole ecosystem level by altering nutrient 
cycles (Seagle 2003). This relationship between vertebrate herbivores and plant forage species 
diversity has been investigated since the early 1900s (Tansley 1922). Exploring this relationship 
helps predict the response of plant communities to the loss of major vertebrate herbivores and the 
addition of new ones. 
 The effects of some herbivores have been considered equivalent to an intermediate 
disturbance that may facilitate high biodiversity levels by pruning back dominant plant species 
(McNaughton 1983, Huntly 1987, Rambo and Faeth 1999). However, this is not always the case, 
and vertebrate herbivory can also lead to local plant species extirpations or complete elimination 
of herbaceous understories (Coomes et al. 2003, Koerner et al. 2014). These effects have 
received much attention in mammalian herbivores such as lagomorphs (Tansley 1922, Huntly 
1987, Delibes-Mateos et al. 2008), ungulates (Augustine and McNaughton 1998, Goheen et al. 
2007), gophers (Rogers et al. 2001), and elephants (Riginos and Grace 2008, Valeix et al. 2011). 
However, attempts to quantify the effects of non-mammalian herbivores on plants and plant 
communities are generally lacking, even though herbivory in such groups can be common. For 
example, chelonians, both aquatic and terrestrial, have a variety of herbivorous species, with 
many species of land tortoises being exclusively herbivorous. Fourqurean et al. (2010) has 
shown that sea turtles may reduce overall biomass on a monoculture of seagrass; however the 
ways reptilian herbivores influence plant diversity has not been examined. 
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The goal of this study was to assess the effects of gopher tortoise (Gopherus polyphemus) 
herbivory on plant abundance and biomass, species richness, and biodiversity through 
experimental exclosure, thereby simulating an absence of tortoises. I hypothesized that plant 
abundance would increase in the absence of tortoises, but species richness and diversity would 
decrease as a result of lack of disturbances. This species was chosen because of its relatively 
large size, potential high densities, and ease of location due to the presence of large conspicuous 
burrows. These burrows provide central locations from which foraging events begin and end. I 
also looked at dietary preference among the five most common plant species found at the field 
site to determine if dietary preference may help explain any differences observed in the field. 
Methods 
Exclosure study site 
 Tortoise exclosure plots were set up on Egmont Key (27°35′24″N 82°45′46″W) off the 
west coast of Pinellas County, Florida. With the exception of the tortoises, no other terrestrial 
vertebrate herbivores (such as deer or rabbits) or granivores (such as rodents) are present on 
Egmont Key (Witmer et al. 2010). While a small number of Florida box turtles (Terrapene 
carolina bauri) are present on the island, I attribute the results presented in this study to gopher 
tortoises because box turtles diets tend not to be dominated by the green herbaceous material 
sought by gopher tortoises (Garner and Landers 1981, Macdonald and Mushinsky 1988, Liu et 
al. 2004). Box turtles are also smaller than gopher tortoises and not as abundant on Egmont Key 
(Personal observation).  
An open area was selected on Egmont Key with pine trees and other woody vegetation 
and with a relatively uniform ground cover. At least 15 active burrows (as defined by Mushinsky 
et al. (2006) were seen in the area. The immediate surrounding areas were monocultures of 3-5 
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meter tall palms (Arecaceae) with the ground covered by shed palm fronds. As the areas 
dominated by palms are not ideal for the growth of herbaceous forage, I suspect tortoises whose 
burrows are in these areas enter the field site to forage. Tortoises were observed in the general 
area upon each visit and occasionally observed basking and feeding in the control plots. Scats 
were also frequently found in control plots and the areas surrounding the plots.  
Experimental design 
 The design consisted of five blocks each with three 2 m x 2 m treatments: (1) an 
exclosure consisting of four walls made from metal flashing; (2) a fenced control plot made from 
two perpendicular sides of flashing; and (3) an additional control delineated only by metal survey 
flags to account for any potential effects of the exclosure material. 
 Plots were established on March 13, 2015 and I recorded plant counts per species at the 
start of the experiment, and every four months subsequent until March 17, 2017. For each census 
I counted the number of individuals and calculated five metrics: The total number of individuals 
across all species; Species richness as a count of individual species; The Gini-Simpson index, 
measured as 1-∑ 

  where pi is the proportion of the total number of individuals that belong to 
species i and S is the number of species; Dominance, the proportion of the number of the most 
abundant species divided by the total number of individuals; and evenness, measured as the 
calculated Gini-Simpson index divided by the Gini-Simpson index if all species were present in 
equal numbers. At the conclusion of the study, all plants were collected, split into aboveground 
and belowground sections, and weighed.  
 I also conducted a cafeteria-style dietary preference study utilizing 8 adult male captive 
tortoises at the Zoo Tampa (Tampa, FL) using the five most common species observed on 
Egmont Key (Heliotropium polyphyllum, Fimbristylis cymosa, Polypremum procumbens, 
 5 
Waltheria indica, and Phyllanthus abnormis). Equal amounts of aboveground plant material (by 
approximate volume) were weighed and presented at the same time to the tortoises individually 
in November 2017 at 11 am. Tortoises were starved for 24 hours before the start of the 
experiment. Tortoises were allowed to feed freely until they lost interest and did not ingest food 
for 15 minutes. Final masses for each plant were then obtained. Concurrently with each feeding 
trial, I had equal amounts of each plant outside the tortoise pen to account for evaporative water 
loss. The difference in mass obtained for these controls was added into the final weight for the 
plants consumed by tortoises to obtain the true mass lost from grazing. 
Statistical analysis 
Generalized linear models (GLMs) were used for all comparisons in the exclosure 
experiment. The distribution used for each comparison is listed in Table A1). I first tested for 
differences between the two control types (fenced and ground) for each of the five metrics 
measured. As none were found during any point in the experiment these were collapsed into a 
single treatment for subsequent analyses henceforth referred to as “control” (Table A2). Values 
for each metric were compared: 1) between exclosures and controls at the start of the experiment 
to ensure no differences were inherently present; 2) between the start and end for each treatment; 
and 3) between exclosures and controls at the end. 
To analyze dietary preference I used Manly’s α index without food replacement (Manly 
1974). This index is calculated as: 
ln (
 − 

)
∑ ln (
 − 

)
,  = 1, . . . ,  
where ni0 is the mass of food type i at the beginning of a foraging event, ri is the mass consumed, 
and m is the number of food types. A plant species is considered a preferred part of the diet when 
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α ± 95% confidence intervals (calculated as 1.96 x (SD / √8)) is greater than 1/m, an avoided 
part of the diet when α ± 95% confidence intervals is less than 1/m, and randomly selected when 
α ± 95% confidence intervals is equal to 1/m. All analyses were performed in R version 3.2.3 (R 
Development Core Team 2015). 
Results 
Exclosures 
Comparisons between the number of individual plants, species richness, diversity, 
dominance, and evenness did not significantly differ between controls and exclosures at the start 
of the experiment, and values for control plots did not differ between start and end (Table 1.1). 
The number of individual plants also did not significantly differ between controls and exclosures 
at the conclusion of the study.  
Species richness dropped in exclosures where tortoises were not feeding, though this drop 
was not statistically significant (χ2 = 2.7994, df = 1, p = 0.0946). Similarly, at the conclusion of 
the study, species richness was lower in exclosure than in control plots, though not significantly 
so (χ2 = 3.3698, df = 1, p = 0.0664) (Table 1.1, Figure 1.1a).  
The Gini-Simpson diversity index and evenness values followed similar trends to that 
observed in species richness. In exclosures, diversity dropped overtime (χ2 = 13.478, df = 1, p = 
0.0002) (Figure 1.1b) as did evenness (χ2 = 12.464, df = 1, p = 0.0004) (Figure 1.1c). Diversity 
was also significantly lower in exclosures than in controls at the end of the experiment (χ2 = 
24.812, df = 1, p = <0.0001) and species distribution in exclosures was not as even (χ2 = 19.272, 
df = 1, p = <0.0001). As evenness dropped, dominance significantly increased in exclosures over 
time (χ2 = 17.352, df = 1, p = <0.0001) and also increased compared to control plots (χ
2
 = 27.257, 
df = 1, p = <0.0001) (Figure 1.1d). 
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 In both exclosure and control plots, Heliotropium polyphyllum (Boraginaceae) was the 
most common species, even more so in exclosures (Figure 1.2). Fimbristylis cymosa 
(Cyperaceae) abundance in exclosure plots significantly dropped when compared to control plots 
(χ2 = 8.7697, df = 1, p = 0.003063), and the abundance of Polypremum procumbens 
(Tetrachondraceae) was also reduced, although not significantly so. Several species appear to 
have been extirpated in tortoise exclosure plots; Catharanthus roseus (Apocynaceae), 
Mecardonia acuminata (Plantaginaceae), and Paspalum setaceum (Poaceae).  
In terms of biomass, at the end of the experiment H. polyphyllum dominated aboveground 
and belowground biomass in exclosure plots. However in control plots, F. cymosa was had the 
highest biomass. While P. procumbens was the second most dominant plant in both plot types, 
its biomass was not nearly as great as F. cymosa (Figure 1.3). In fact the belowground biomass 
of H. polyphyllum was much greater than the belowground biomass of all other species 
combined.  
Cafeteria feeding trials 
 Heliotropium polyphyllum appeared to be preferred (α = 0.34 ± 0.12), while Fimbristylis 
cymosa was avoided (α = 0.083 ± 0.053). All other plants offered were neither selected for or 
against as the confidence intervals overlap 0.2 (Figure 1.4). 
Discussion 
Contrary to my original hypothesis, lack of tortoise herbivory did not cause a change in 
plant abundance in plots where tortoises were excluded from feeding. However, it did alter other 
aspects of the plant community diversity. Species richness dropped in exclosure plots as 
compared to control plots, though not significantly so. However, Gini-Simpson diversity and 
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evenness significantly decreased, while dominance increased in the absence of tortoises, 
supporting my original hypothesis concerning effects on biodiversity.  
 H. polyphyllum was the dominant species in terms of numbers and belowground biomass 
across both plot types. The extent of its dominance was greater in exclosure plots than in control 
plots. F. cymosa had greater biomass in control plots. As H. polyphyllum is preferred by tortoises 
over the other four most common plant species, it is likely that tortoises normally graze heavily 
on this plant, keeping it in lower abundances than would be observed in the absence of tortoise 
grazing. This consumption allows competitive release for other plant species and they increase in 
abundance and biomass. In exclosure plots, the increase in H. polyphyllum may explain the 
drastic decrease in abundance of Fimbristylis cymosa and the extirpation of some the more rare 
plants.  
 The belowground biomass of H. polyphyllum in control plots is more extensive than the 
aboveground biomass. These plants maintain a strong root system, despite being grazed back by 
tortoises. I have observed tortoises biting and tearing entire plants (foliage and roots) of other 
species from the ground, but the extensive root system of H. polyphyllum may help ensure its 
perseverance, permitting recovery following extensive herbivory.  
This study adds to the growing number of papers that document the strong effects of 
vertebrate herbivores on their forage plants and also shows that reptiles, as well as mammals, 
may have significant effects on their plant communities. It remains unclear why some herbivores 
facilitate increased biodiversity and others lower it. Differences may be the results of three 
mechanisms: First, they may be due to herbivore density or browsing intensity. Barrett and 
Stiling (2006) showed that plant biodiversity was inversely related to key deer density in the 
Florida Keys in that highly preferred plant species were significantly lower in density on high 
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deer density islands, while avoided forage species were more abundant on high deer density 
islands. These changes were not as pronounced on low deer density islands. Key deer densities 
on some islands are unnaturally high as people feed deer and all known predators are absent 
(Barrett and Stiling 2006). Second, other biotic and abiotic interactions. Herbivory is but one of a 
myriad of interactions which help shape plant communities. Other factors that may influence 
plant communities include nutrient levels, landscape heterogeneity, and local climate (Ricklefs 
1977, Gaujour et al. 2012). Third, evolution of herbivore-plant systems. Native herbivore-native 
plant interactions tend to produce stable, more diverse communities (Goheen et al. 2007), while 
herbivory by invasive herbivores tends to produce less diverse communities (Noymeir 1988, 
Coomes et al. 2003). This could be related to a lack of evolved plant defenses against invasive 
herbivores or an unnaturally high density of some invasive species. 
 Large-bodied animals also destroy and kill plants in ways other than defoliation. 
Elephants will topple entire trees (Ssali et al. 2013), and trampling or wallowing will also cause 
localized destruction of plants (Olff and Ritchie 1998). As gopher tortoises are not as large as 
many mammalian herbivores, and do not roam in herds, trampling is likely to produce negligible 
effects. But even smaller bodied animals that burrow may have influence small-scale alterations 
in the areas immediately surrounding the burrows (Huntly and Reichman 1994, Smith and 
Foggin 1999), and this may be true for gopher tortoises as well. 
Vertebrate herbivores may also exert pressure on plant communities through zoochory; 
the dispersal of plant seeds by animals (Jordano et al. 2011). This dispersal may result from 
intentional consumption of fleshy fruits (Janzen 1983, Delrio and Restrepo 1993) or the ingestion 
and dispersal of seeds evolved for wind dispersal or other non-animal assisted dispersal 
syndromes (Janzen 1984, Stiles 1989). Both mechanisms may serve to alter seed germination 
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rates and percentages (Traveset 1998, Traveset and Verdu 2002). Several fleshy-fruited plants 
are found on Egmont Key, most of them with fruit obtainable by tortoises, but none were 
observed in any of the plots or in the immediate vicinity. All plants at the field site contain small 
dry fruits, which may be intentionally or unintentionally ingested and dispersed, or possibly 
destroyed during gut passage. The effects of this ingestion and its ramifications for plant 
community assembly are discussed in chapter 2.  
Finally, these results have conservation implications. Without gopher tortoises on 
Egmont Key, plant diversity would probably be greatly reduced and some species may go locally 
extinct. While I have investigated the effects of gopher tortoise herbivory on one small location 
within their range, these tortoises are found across a wide range of habitat types (Mushinsky et 
al. 2006). Further research will be required to determine if tortoises strongly influence plant 
diversity across other habitat types they occupy and where other herbivores such as deer and 
rabbits are present.  
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Figures 
 
 
Figure 1.1 Means (± 1 SE) for species richness (a), the Gini-Simpson diversity index (b), species 
evenness (c), and species dominance (d) for controls plots (black) and exclosures (white) at the 
start (2015) and end (2017) of a two year tortoise exclosure experiment. Species richness 
dropped and the Gini-Simpson index and species evenness dropped significantly in tortoise 
exclosure plots through time, while dominance significantly increased. 
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Figure 1.2 In tortoise exclosure plots (white), Heliotropium polyphyllum became more abundant 
in comparison to control plots (black). Abundance of Fimbristylis cymosa drastically dropped in 
exclosures, and Catharanthus roseus, Mecardonia acuminata, and Paspalum setaceum were 
extirpated in exclosure plots. Species abbreviations are as follows: Cr, Catharanthus roseus; Cl, 
Cyperus ligularis; Fc, Fimbristylis cymosa; Hp, Heliotropium polyphyllum; Ma, Mecardonia 
acuminata; Os, Oenothera simulans ; Pp, Polypremum procumbens; Pa, Phyllanthus abnormis; 
Ps, Paspalum setaceum; Sj, Stachytarpheta jamaicensis; Wi, Waltheria indica. 
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Figure 1.3 Biomass of plants across control (black) and exclosure (white) plots. Catharanthus 
roseus, Mecardonia acuminata, and Paspalum setaceum are magnified in the insert. 
Abbreviations follow those from Figure 1.2. 
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Figure 1.4 Dietary preferences in gopher tortoises (as measured by Manly’s α values) for the 
five most common plants observed in the exclosure experiment. Values with 95% CIs 
overlapping 0.2 are neither selected for or against, those to the right of 0.2 are preferred, and 
those to the left of 0.2 or selected against. Plant abbreviations defined in Figure 1.2. 
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Tables 
 
Table 1.1 Comparisons between and within exclosures and controls at the beginning and end of the exclosure experiment. N = 5 for 
all plots. χ2 originate from generalized linear models, distributions for each model are listed in Table A1. 
 
   Plot mean SE  Plot mean SE  χ2 p 
Number of 
individuals 
 Exclosure : start 206.75 67.28  Exclosure : end 217 71.67  0.014 0.906 
 Control : start 260.88 61.09  Control : end 267 60.33  0.001 0.974 
 Control : start 260.88 61.09  Exclosure : start 206.8 67.28  0.520 0.471 
 Control : end 267 60.33  Exclosure : end 217 71.67  0.291 0.589 
Richness  Exclosure : start 8 0.58  Exclosure : end 5 0.41  2.794 0.095 
 Control : start 7.4 0.26  Control : end 7.8 0.35  0.131 0.717 
 Control : start 7.4 0.26  Exclosure : start 8 0.58  0.136 0.712 
 Control : end 7.8 0.35  Exclosure : end 5 0.41  3.3670 0.066 
Gini-Simpson 
Index 
 Exclosure : start 0.67 0.04  Exclosure : end 0.38 0.064  13.478 <0.001 
 Control : start 0.62 0.04  Control : end 0.65 0.02  0.407 0.523 
 Control : start 0.62 0.04  Exclosure : start 0.67 0.04  0.514 0.474 
 Control : end 0.65 0.02  Exclosure : end 0.38 0.064  24.812 <0.001 
Dominance  Exclosure : start 0.5 0.05  Exclosure : end 0.77 0.05  17.352 <0.001 
 Control : start 0.49 0.05  Control : end 0.51 0.03  0.077 0.781 
 Control : start 0.49 0.05  Exclosure : start 0.5 0.05  0.014 0.907 
 Control : end 0.51 0.03  Exclosure : end 0.77 0.05  27.257 <0.001 
Evenness  Exclosure : start 0.76 0.05  Exclosure : end 0.48 0.08  12.464 <0.001 
 Control : start 0.72 0.04  Control : end 0.75 0.02  0.2406 0.624 
 Control : start 0.72 0.04  Exclosure : start 0.76 0.05  0.448 0.503 
 Control : end 0.75 0.02  Exclosure : end 0.48 0.08  19.272 <0.001 
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CHAPTER TWO: 
Gopher tortoise (Gopherus polyphemus) gut passage can alter seed germinability 
Abstract 
Seed dispersal by animals is an important plant-animal mutualism, but saurochory, the 
dispersal of seeds by non-avian reptiles, is an understudied phenomenon despite its prevalence in 
many taxa. The effects of seed ingestion by the gopher tortoise (Gopherus polyphemus) were 
investigated in eight central Florida plant species by comparing germination of ingested seeds to 
seeds that did not pass through tortoises. Seeds from both treatments were also planted with and 
without tortoise scat. Both the percentage of seeds germinating and the time to germination were 
recorded. Ingested seeds from two fleshy-fruited plant species germinated in greater proportions 
and in less time than control seeds. The presence of scat also increased germination proportion 
following gut and decreased time to germination in both these species. Germination proportions 
in five dry-fruited native species were either not affected, or lowered, and time to germination 
was either not affected, or slower. Similarly, the scat had no effect on germination percentage in 
these species, or decreased it, and had no effect on time to germination, or increased it. One 
nonnative dry-fruited species was also tested and while germination percentage following gut 
passage was unaffected time to germination decreased. Similarly, while the addition of scat 
increased germination percentage, there was no effect on time to germination. In summary, only 
seeds from fleshy-fruited plant species consistently benefitted from gopher tortoise gut passage 
and by tortoise scat. 
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Introduction 
Endozoochory is the process by which seeds are dispersed through animal gut passage. 
This process has been implicated in increasing seed germination percentage as well as decreasing 
the time to germination (henceforth collectively referred to as germinability) (Krefting and Roe 
1949, van der Pijl 1972b). Most endozoochory studies focus on dispersal by mammals and birds, 
although the evolution of early fruits has been tied to the emergence of early reptiles (van der Pijl 
1972b, Tiffney 1986, Abrahamson 1989, Moll and Jansen 1995). Despite this, our understanding 
of seed germinability following ingestion by modern non-avian reptiles is lacking.  
 A number of turtles and a few lizards have been shown to be seed dispersers. For 
example, in Tenerife the wall lizard, Gallotia galloti, was found to consume seeds from at least 
seven fleshy-fruited plant species and increase germination percentages in two of those (Valido 
and Nogales 1994). Seeds from the Galapagos tomato (Solanum cheesmaniae) require passage 
through the Galapagos tortoise (Geochelone elephantopus), and fail to germinate in response to 
gut passage by other animals (Rick and Bowman 1961). In the Florida Keys, passage through the 
gut of the common box turtle, Terrapene carolina, increased seed germinability in some fleshy-
fruited plant species, but reduced it in others. Even in species with decreased germinability, seed 
viability remained higher in ingested seeds (Liu et al. 2004). Some plant species may even 
require dispersal by a chelonian herbivore. On Ile aux Aigrettes, the critically endangered ebony, 
Diospyros egrettarum, became seed-dispersal limited after the extinction of giant tortoises on the 
island, but has shown the potential to recover following the introduction of a taxon substitute, the 
Aldabra giant tortoise, Aldabrachelys gigantea (Griffiths et al. 2011). 
 A southeastern United States native, the gopher tortoise (Gopherus polyphemus) feeds on 
a variety of understory forbs, graminoids, and fleshy fruits, and seeds have been reported passing 
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through tortoises apparently undigested (Macdonald and Mushinsky 1988, Mushinsky et al. 
2003). While mastication between mammal teeth and grinding within bird gizzards can be a 
source of seed mortality (Janzen 1971), tortoises lack these features and may pass seeds 
unscathed.  
 Here, I examine whether the germinability of seeds passing through gopher tortoises 
differs from seeds that are uningested, and if seed germinability is affected by the presence of 
scat. Changes in seed germinability following ingestion may result from three mechanisms: 1) 
mechanical or chemical alteration in response to gut passage (Barnea et al. 1991, Izhaki et al. 
1995); 2) Presence of scat surrounding the seed acting as a fertilizer (Nchanji and Plumptre 
2003b); and/or 3) separation of seeds from surrounding plant tissues such as fleshy fruit (Evenari 
1949, Lisci and Pacini 1994, Cipollini and Levey 1997b). I hypothesized that seeds from fleshy 
fruits, which have evolved to be eaten and dispersed by animals, will have higher germination 
percentages and less time to germination following gut passage. Seeds from dry fruits, which 
may be wind dispersed, will have lower germination percentages following gut passage but 
unaltered time to germination. The presence of scat was hypothesized to increase germination 
percentages and decrease time to germination in all species of seeds. 
Methods 
Throughout the summer and fall of 2015 fruits and seeds from eight species of plants 
were collected from Pinellas County, Florida on coastal areas near Egmont Key. This was done 
as to not interfere with plants from chapter 1. I tested two native fleshy-fruited plants, Opuntia 
humifusa (Cactaceae) and Physalis angustifolia (Solanaceae); five native dry-fruited plants, 
Cyperus ligularis (Cyperaceae), Eustachys neglecta (Poaceae), Fimbristylis cymosa 
(Cyperaceae), Stachytarpheta jamaicensis (Verbenaceae), and Waltheria indica (Malvaceae); 
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and one introduced dry-fruited plant, Catharanthus roseus (Apocynaceae). These species were 
selected as they were the most common plant species present on Egmont Key in the area of an 
exclusion study examining the effects of gopher tortoise herbivory on plant community diversity 
(Richardson and Stiling in review).  
Known numbers of seeds from all plant species were fed independently (one species at a 
time) to ten adult male tortoises at Zoo Tampa to ensure any laxative properties present in pulp 
or elsewhere only influenced passage time of those conspecifics. Seeds were fed to tortoises in 
the same manner they would most likely be encountered in the wild, that is, seeds were 
embedded in any encapsulating fruit or plant tissues. Fruits (both fleshy and dry) were opened to 
obtain a count of the number of seeds before feeding to tortoises. Seeds destined for the control 
treatment, no ingestion by tortoises, were extracted from any plant tissues, cleaned and dried, and 
stored at room temperature in brown paper bags. Tortoises were maintained on their regular diet 
of mixed greens and vegetables during the study. 
Scat was collected daily by zoo staff and stored in a fecal material refrigerator at 
veterinary services and picked up within 24 hours. In the lab, scats were air-dried and gently 
crumbled apart to extract seeds. Collected seeds were washed of scat, dried, and stored similarly 
to control seeds. Scat collection was ended once the number of seeds fed to a tortoise was 
obtained or two scats passed without any new seeds. 
I used a 2 x 2 factorial design to compare the germinability of control vs. gut-passed 
seeds and presence or absence of scat to determine if any differences observed from gut passage 
were from physiological changes to seeds as a result of ingestion or a fertilizer effect. Seed 
germination trays were filled with natural field-collected sandy substrate; half of the cells 
received a thin layer of scat. Scat was blended and microwave-sterilized to destroy any undesired 
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missed seeds and pathogens. Control seeds were placed on the surface of half of the cells and 
gut-passed seeds added to the other half. All seeds were covered lightly with a thin layer of 
media and then each tray was covered. Germination trials took place in the University of South 
Florida Botanical Gardens greenhouse. Trays were rotated 180° daily to ensure even lighting. 
The day of emergence was recorded for each seed. Emergence data was used to compare 
germination percentage and time to germination (in days). The number of tortoises (N = 10) was 
used as the sample size. Generalized linear models (GLMs) with a binomial error distribution 
were performed in R for all analyses (R Core Team 2015). 
Results 
Gut passage 
Seeds from the two fleshy-fruited species, O. humifosa and P. angustifolia germinated in 
significantly greater proportions and faster after gut passage than seeds that did not pass through 
the gut (Tables 2.1, 2.2, and 2.3a; Figures 2.1 and 2.2). The five native dry-fruited plants were 
either not significantly affected, or had lowered germination percentages and/or increased time to 
germination following gut passage (Tables 2.1, 2.2, and 2.3a). Two species, S. jamaicensis and 
W. indica, failed to germinate entirely after gut passage. Germination percentage following gut 
passage was not significantly altered in the introduced species, C. roseus, but time to 
germination decreased. 
 Scat exposure 
Seeds from the two fleshy-fruited species, O. humifosa and P. angustifolia, germinated in 
greater proportions and faster with scat addition than seeds in the control substrate (Tables 2.1, 
2.2, and 2.3b; Figures 2.1 and 2.2). The five native dry-fruited plants were either not 
significantly affected by scat addition, or had lowered germination percentages and/or increased 
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time to germination (Tables 2.1, 2.2, and 2.3b). Germination percentage significantly increased 
in C. roseus following scat addition but time to germination was not affected. 
Interactions 
There were significant interactions between gut passage and the presence of scat for only 
two plant species, both of which were fleshy-fruited. First, O. humifosa rate of germination 
following gut passage was decreased by the addition of scat. Second, P. angustifolia proportion 
germinated was lower in the control without the addition of scat (Table 2.2, Figures 2.1 and 2.2). 
Discussion 
Only the fleshy fruits, O. humifosa and P. angustifolia, had a higher proportion of seeds 
germinate and in less time following gut passage. The increased germinability of O. humifosa 
and P. angustifolia is likely a result of the fact that fleshy fruits evolved for dispersal by 
vertebrate herbivores. Much attention has been given to the removal of pulp during gut passage 
and its benefit to seed germinability (Janzen 1977, Owen 1980, Howe and Smallwood 1982b, 
Howe 1986). However, many studies have found a contrast between germination of seeds from 
fruits which were manually depulped and planted, compared to seeds planted inside fruits, 
suggesting something other than pulp removal alone facilitates germination of these seeds 
(Samuels and Levey 2005a). The only dry-fruited plant whose seeds may have been partially 
helped by gut passage was C. roseus, a naturalized introduced species. 
Germinability of native dry-fruited plants appear to be largely decreased or unaffected 
following gut passage which others have also found (Traveset and Verdu 2002). Cyperus 
ligularis was the only species where both germination percentage and time to germination were 
unaffected. This species has small, relatively hard seeds, which may not be influenced much by 
any potential scarification or moisture from the gut.  
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While it is not possible to determine exactly what factors cause the reduced germinability 
patterns observed for dry-fruited plants, many explanations appear plausible. During gut passage 
seeds likely imbibe water, which is important for germination. Thin seeds may accrue too much 
water, leading to potential death during the long gut passage, which ranged from 60-90 days in 
these tortoises. The other essential element for seed germination in most plant species is oxygen, 
which is likely greatly reduced in the gut. Scarification of seeds in bird gizzards and by the teeth 
of mammals has also been implicated in altered germinability in those taxa (Janzen 1971). While 
tortoises lack both of these anatomical features, I have observed that scats are filled with 
indigestible abrasive sand and small woody pieces that are probably ingested alongside regular 
food items and may serve to scarify seeds, or damage seeds with thin coats. The drop in E. 
neglecta germination percentage in response to gut passage may be a result of the fragility of the 
seed. The seed coat was found to easily split apart pre-ingestion, and may be easily damaged 
during gut passage. Finally, different enzymatic reactions have also been attributed to altered 
germinability in response to mammal ingestion (Janzen 1981a, Janzen 1981b, 1982), but 
digestive enzymes have not yet been examined in non-avian reptiles, specifically in relation to 
seed germinability.  
For the addition of scat, only the fleshy-fruited species, O. humifosa and P. angustifolia 
benefitted with increased percentage germination and decreased time to germination, though the 
introduced C. roseus also had an increased germination percentage. Dung imparts a chemical 
treatment on seeds, providing a medium richer in nutrients. However, the response to this 
chemical treatment is dependent on the plant species. While in some species it may act as a 
fertilizer (Nchanji and Plumptre 2003b), increasing percentage germinating and decreasing time, 
in other species it may serve as a nutrient overload, thus reducing percent germination (Smolders 
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et al. 2000, Nakaji et al. 2001) and increasing time to germination (Bradford and Westcott 2010). 
While germinability of most of the native dry-fruited plants was unaffected by the addition of 
scat, one species, E. neglecta, had a reduced percent germination and increased time to 
germination. Another, F. cymosa, has an increased time to germination. 
For the fleshy-fruited plants, in addition to the potential benefit of increased 
germinability, ingested seeds may also be transported to a location more favorable to 
germination than under the parent plant. An individual tortoise may have a home range as large 
as 1.27 hectares (Diemer 1992), and may utilize multiple burrows throughout the year (Ott 
1999). Seeds from a single feeding were found across multiple defecations, thus seeds have the 
potential to reach a large number of sites. Furthermore, gopher tortoises are heliophilous, 
preferring to forage in areas with relatively open canopies (Mushinsky et al. 2006). These open 
spaces may further benefit deposited seeds by freeing them from competition and providing 
access to limited resources. If seeds from any species can survive relatively long passage inside 
gopher tortoise guts and germinate, a relatively competition free habitat awaits them. 
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Figures 
 
 
 
Figure 2.1 Gut passage but not presence of scat (dark bars) enhanced A) germination 
percentages in Opuntia humifosa and both factors also B) lowered time to germination. There 
was also a significant interaction because O. humifosa rate of germination was decreased by the 
addition of scat. Each box shows the range between 25th and 75th percentiles; the central line 
shows the median. Vertical bars represent the highest and lowest values, loose dots are outliers. 
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Figure 2.2 Gut passage and presence of scat (dark bars) enhanced A) germination percentages in 
Physalis angustifolia and both factors also B) lowered time to germination. There was also a 
significant interaction because P. angustifolia proportion germinated was lower in the control 
treatment without the addition of scat. Each box shows the range between 25th and 75th 
percentiles; the central line shows the median. Vertical bars represent the highest and lowest 
values, loose dots are outliers.  
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Tables 
 
Table 2.1 Means (± SD) for each plant species following passage through gopher tortoise (N = 
10) guts and tortoise scat addition. Dashes indicate failure to germinate. 
            
 
Species Passage? Scat? 
Average 
proportion 
germinating 
± SD 
Average 
days to 
germination  
± SD 
Fleshy fruits             
 
Opuntia humifosa Yes No 0.8246 0.3117 14.414 1.479 
  
Yes Yes 0.84 0.3175 10.9 1.571 
  
No No 0.2069 0.0782 18.343 2.15 
  
No Yes 0.4576 0.173 17.771 2.168 
 
Physalis angustifolia Yes No 0.6271 0.237 13.94 1.105 
  
Yes Yes 0.7679 0.2902 11.751 3.737 
  
No No 0.2373 0.0897 18.371 1.18 
  
No Yes 0.8028 0.3034 14.067 0.837 
Dry fruits (native) 
      
 
Cyperus ligularis Yes No 0.8533 0.3225 11.457 1.769 
 
 Yes Yes 0.8312 0.3142 11.189 2.763 
 
 No No 0.8929 0.3375 11.273 1.402 
 
 No Yes 0.7458 0.2819 11.644 2.863 
 
Fimbristylis cymosa Yes No 0.6415 0.2425 12.549 1.464 
 
 Yes Yes 0.6406 0.2421 19.493 1.383 
 
 No No 0.7193 0.2719 9.009 0.874 
 
 No Yes 0.7451 0.2816 11.843 1.047 
 
Eustachys neglecta Yes No 0.5434 0.2054 12.251 1.803 
  
Yes Yes 0.3585 0.1355 13.187 3.755 
  
No No 0.7692 0.2907 10.771 1.652 
  
No Yes 0.6038 0.2282 11.842 1.266 
 
Stachytarpheta  
   jamaicensis 
Yes No - - - - 
  
Yes Yes - - - - 
  
No No 0.5102 0.1928 11.61 1.382 
  
No Yes 0.7547 0.2853 11.787 1.084 
 
Waltheria indica Yes No - - - - 
  
Yes Yes - - - - 
  
No No 0.535 0.1984 40.424 6.758 
  
No Yes 0.75 0.2834 36.686 7.62 
Dry fruits (introduced) 
     
 
Catharanthus roseus Yes No 0.5106 0.193 6.571 1.718 
  
Yes Yes 0.7391 0.2794 6.143 1.676 
  
No No 0.6042 0.2284 10.857 3.078 
  
No Yes 0.75 0.2835 9.429 3.505 
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Table 2.2 Results from generalized linear models with binomial error distributions examining 
effects of tortoise gut passage and scat on germinability. 
                
Percentage Rate 
  Species Treatment χ2 p   χ2 p 
Fleshy fruits 
Opuntia humifosa Passage 62.697 <0.0001 58.45 <0.001 
Scat 5.953 0.01469 8.041 0.0046 
Interaction 2.531 0.11165 10.383 0.0012 
Physalis angustifolia Passage 8.842 0.0029 13.0434 0.0003 
Scat 36.466 <0.001 12.0584 0.0005 
Interaction 10.201 <0.001 0.1296 0.7189 
Dry fruits (native) 
Cyperus ligularis Passage 0.2756 0.5996  0.02451 0.8756 
 Scat 2.776 0.09566  0.003592 0.9522 
 Interaction 1.654 0.1984  0.1364 0.7119 
Fimbristylis cymosa Passage 2.16811 0.1409  138.464 <0.001 
 Scat 0.0374 0.8466  104.089 <0.001 
 Interaction 0.05404 0.8162  0.091 0.7627 
Eustachys neglecta Passage 12.0619 0.0005 2.81069 0.09364 
Scat 6.7925 0.0092 1.41477 0.23427 
Interaction 0.002 0.9646 0.04897 0.82487 
Stachytarpheta  
   jamaicensis Passage - - - - 
Scat 1.1217 0.2895 0.07125 0.7895 
Interaction - - - - 
Waltheria indica Passage - - - - 
Scat 1.1069 0.2927 0.9269 0.3357 
Interaction - - - - 
Dry fruits (introduced) 
Catharanthus roseus Passage 0.6004 0.4384 16.7094 <0.001 
Scat 7.2251 0.0072 0.9341 0.3338 
Interaction 0.227 0.6122 0.0124 0.9112 
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Table 2.3. Summary of the effects of a) gut passage through gopher tortoises, and b) presence of 
gopher tortoise scat on seed germination. Statistics based on results from Table 2.2. 
                  
a) 
 
Gut passage 
    Percentage   Time to germination 
    
Significant 
Increase 
Significant 
Decrease 
No 
effect 
 
Significant  
Decrease 
Significant  
Increase 
No 
effect 
Fleshy fruits 
       
Opuntia humifosa  
   
 
  
Physalis angustifolia  
   
 
  
Dry fruits (native) 
       
Cyperus ligularis        
Fimbristylis cymosa        
Eustachys neglecta 
 
 
    
 
Stachytarpheta 
    jamaicensis 
 
  
- - - 
Waltheria indica 
 
 
  
- - - 
Dry fruits (introduced) 
       
Catharanthus roseus 
  
 
 
 
  
 
       
b) 
 
Scat presence 
  Percentage   Time to germination 
 
Significant 
Increase 
Significant 
Decrease 
No 
effect 
 
Significant 
Decrease 
Significant 
Increase 
No 
effect 
Fleshy fruits 
       
Opuntia humifosa  
   
 
  
Physalis angustifolia  
   
 
  
Dry fruits (native) 
       
Cyperus ligularis        
Fimbristylis cymosa        
Eustachys neglecta 
 
 
   
 
 
Stachytarpheta 
   jamaicensis  
 
   
 
Waltheria indica 
  
 
   
 
Dry fruits (introduced) 
       Catharanthus roseus 
     
 
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CHAPTER THREE: 
 
The effects of gut passage on the germinability of seeds: a meta-analysis 
Abstract 
Endozoochory is the process by which seeds are consumed by animals and dispersed 
away from the parent plant. In addition to being dispersed, seeds that pass through herbivore guts 
may also have altered germinability. Using meta-analysis, I tested several hypotheses about how 
herbivores alter the germination percentage and time to germination of ingested seeds. Non-
flying mammals, but no other vertebrate herbivores, were found to enhance the percentage of 
seeds germinating compared to uningested seeds, and non-avian reptiles were found to decrease 
the time to germination. Seeds from fleshy fruits, despite being evolved for vertebrate herbivore 
consumptions, did not germinate faster or in greater proportions than did seeds from dry-fruited 
plant species. Seeds dispersed by animals native to the same areas as the plants displayed 
enhanced germinability compared to uningested seeds, as did those dispersed by herbivores or 
omnivores. 
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Introduction 
Endozoochory is the process by which seeds are consumed by animals and dispersed 
away from the parent plant (van der Pijl 1972a). In species with fleshy fruits, this interaction is 
generally regarded as mutualistic, whereby the animal obtains nourishment, and the seed is 
dispersed to a potentially more favorable location. Seeds from dry fruits, such as grasses, may 
also be incidentally ingested and dispersed while herbivores are consuming foliage (Janzen 
1984). 
In addition to dispersal, seed germination percentage and time to germination (referred to 
collectively as germinability) may be altered after passage through herbivore guts. A review by 
Traveset (1998) and subsequent meta-analysis (Traveset and Verdu 2002) on seed germination 
percentage after gut passage found this phenomenon to be dependent on the broader taxonomic 
classification of the herbivores. Bats and birds enhanced the germination percentage of ingested 
seeds, while non-flying mammals and non-avian reptiles generally caused no change.  Time to 
germination was not separated by any moderators, and ingested seeds were found to take less 
time to germinate.  
 Several factors may influence this change in germinability: 1) Chemical alteration of seed 
coat. Digestive fluids may alter the seed coat or endocarp during gut transit leading to an 
alteration of germinability. This alteration may enhance germinability by allowing the seed coat 
to be more permeable, thus taking up water more quickly and efficiently once deposited (Agami 
and Waisel 1988, Barnea et al. 1990). Conversely, if the digestive fluid is overly caustic and 
paired with a long gut passage time, this could lead to damage of the endocarp and potential 
death of the seed (Hauser 1994). 2) Mechanical alteration of seed coat. Ingested seed passing 
through the gut come into contact with other materials. Abrasion against hard materials such as 
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other seeds, ingested food items, or stones in bird gizzards can lead to physical scarification of 
the seed coat (Murray et al. 1994, Wahaj et al. 1998). Scarification may enhance germinability 
through similar ways as described in chemical alteration, but in extreme cases could lead to 
destruction. 3) Separation of seeds from pulp. Pulp inhibits germination due to the blocking of 
light through dark pigmentation, or from chemical inhibitors (Mayer and Poljakoff-Mayber 
1963, Lisci and Pacini 1994, Cipollini and Levey 1997a). Ingestion serves to free seeds from 
these inhibitors. 4) Fecal material surrounding seed – All seeds ingested and passed by 
herbivores will be in or least covered by fecal material (Samuels and Levey 2005b). While seeds 
may be subsequently washed out by rain or removed through other processes, such as removal by 
seed predators, those remaining and germinating in or near feces may benefit from the added 
nutrient content (Nchanji and Plumptre 2003a).  
Here, I not only update the meta-analysis done by Traveset and Verdu (2002) which looked 
at the effect of endozoochory on seed germinability by incorporating clean control and ingested 
seeds, but I also examine the effects of fruit pulp and scat. I also expand on the results found on 
time to germination. The potential importance of these factors in seed germination have been 
heavily reported on, but not analyzed on a broad scale. Specifically, I ask the following 
questions: 
1) How does seed passage through animal guts alter seed germinability? 
2) Do different animal taxa have different effects on seed germinability? 
3) Does animal diet influence the direction of germinability? 
4) Does the presence of scat lead to greater seed germinability? 
5) Does removal from pulp lead to greater seed germinability? 
6) Do seeds from fleshy-fruited plants have greater germinability than dry fruited plants? 
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7) Do seeds from different plant growth forms respond differently to ingestion? 
8) Do plants from different geographic areas (tropical, temperate, etc.) respond differently? 
9) Are native seed dispersal pairings different than novel interactions? 
10) Does the location of the experiment (laboratory, greenhouse, field) influence 
germinability? 
Methods 
Data collection and extraction 
I searched ISI Web of Science using combinations of the terms “zoochory”, “seed 
germin*”, “vertebrate”, “gut”, “seed passage”, and “seed dispersal”. This search was conducted 
on October 15, 2015 and returned a total of 2232 results. Abstracts were screened using the R 
package metagear (R Core Team 2015, Lajeunesse 2016). This screening returned 619 candidate 
studies that were examined in more depth for data on seed germinability. For a study to be 
included, it needed to contain information on the percentage or time of seeds germinating in 
uningested and ingested treatments. Ingested seeds must have passed completely through the gut; 
studies containing only regurgitated seeds or those excised from the gastrointestinal tract were 
excluded. Studies containing multiple herbivores lumped into one sample size were also 
excluded. Studies containing additional treatments, such as seeds from either treatment planted 
with scat or uningested seeds left in pulp were also included. A total of 231 studies were foud 
that contained germination percentage data and 37 with data on time to germination (in days). 
Moderator classification 
For each study, I recorded plant and animal order, genus, and species, the plant growth 
form (grass, sedge, herbaceous, shrub, tree, vine) and fruit type (fleshy or dry) of the plant, 
animal diet (herbivore, carnivore, omnivore), animal taxon (bat, non-flying mammal, bird, non-
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avian reptile, fish, or slug). I also recorded each plant or animal as “native” or introduced” based 
on where each study took place, whether seeds were planted in a lab setting (such as a growth 
chamber), greenhouse, or outdoors. Climatic zone where the study took place was also noted.  
Analyses 
Germination percentage was obtained in two forms: 1) descriptive statistics measures 
(e.g. mean ± SD, median ± range, etc.) and 2) germination percentage, with the number of seeds 
planted and germinated for each treatment. From this, the number of seeds that germinated and 
the number that did not germinate were obtained. Studies where the number of seeds germinating 
or not germinating was 0 had 0.5 added to each value in order to calculate the log odds ratio 
(Sweeting et al. 2004). 
For percentages reported as descriptive measures, all values which were not reported as 
means and standard deviations were converted as such: standard errors were converted to 
standard deviations by multiplying by the square root of the sample size; medians and ranges 
were converted to means and variances (then variance to standard deviation) following the 
procedure described in Hozo et al. (2005) with ̅ = (a + 2m + b) / 4  and  
 =  
1
12
(
( − 2 + !)
4
+  (! − )) 
where ̅ is the mean, S2 is variance, a and b are the low and high ends of the range, and m is the 
median; medians with first and third quartiles were converted to means and standard deviations 
after Wan et al. (2014) with ̅ = (q1 + m + q3) / 3 and S = (q3 – q1) / 1.35 where ̅ is the mean, S 
is standard deviation, q1 is the first quartile and q3 is the third quartile.  While Hedges’ d is the 
preferred effect size metric for two sample mean comparisons, I instead elected to use Cohen’s g 
as all two sample mean comparisons were converted to log odds ratio, and this conversion was 
not possible with Hedges’ d. Effect sizes between converted data and nonconverted did not differ 
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significantly (383 and 1290 effect sizes, respectively; QB = 1.21, p = 0.2704). Hedges’ d was, 
however, used for time to germination, as this was a separate analysis.  
In the analysis for germination percentage, a positive effect size indicates that gut passage 
has enhanced the percentage of seed germinating, and a negative effect size indicates a decreased 
germination percentage. For time to germination, a negative effect size indicates passage sped up 
germination, while a positive effect size indicates passage slowed down time to germination. 
I conducted a mixed effects meta-analysis with a restricted maximum likelihood (REML) 
between-study variance using the R metafor package (Viechtbauer 2010). Effects were 
considered to be significant if the 95% confidence intervals of the mean estimate did not overlap 
zero. All analyses utilized only clean control compared to clean passage seeds (see Table 3.1 for 
terminology) except for the test for the effects of presence of scat and pulp. 
Results 
 A total of K = 1688 effect sizes were obtained from 212 papers on germination 
percentages, and K = 204 effect sizes were obtained from 27 papers on time to germination. The 
full breakdown of the number of pairwise comparisons can be found in Table B1, and numerical 
estimate values (± CI95) can be found in Table B2 for germination percentages, and Table B3 for 
germination time. 
 Germination percentage 
When comparing clean control seeds with clean passage seeds, passage resulted in higher 
germination percentages (K = 1197, lnOR = 0.344, CI95 = 0.229 – 0.459) and showed 
heterogeneity assuming a fixed-effects model across the data (QT = 18198.17, df = 1196, p = 
<0.001). Germination percentage was only significantly enhanced by non-flying mammals 
(Figure 3.1a; QB = 39.11, d.f. = 6, p <0.001), but was close to significance in birds (lnOR = 
  
   
42
0.2134, CI95 = -0.002 - 0.429). Seeds ingested by carnivores largely decreased germination 
percentage, though not significantly (Figure 3.2a), and seeds ingested by herbivores and 
omnivores significantly increased it (QB = 41.89, d.f. = 3, p <0.001). In the interaction between 
gut passage and scat, both treatments typically resulted in greater germination percentages. The 
only comparison that did not yield a net positive effect size was clean passage in comparison to 
scat passage (Figure 3.3a; QB = 64.91, d.f. = 6, p <0.001). Control fleshy-fruited seeds that were 
not cleaned of pulp did not germinate in as high of proportions as did seeds that were cleaned 
(Figure 3.4a; QB = 53.94, d.f. = 2, p <0.001). Germination percentage of seeds from fleshy-
fruited plant species and dry-fruited plant species were both enhanced through gut passage 
(Figure 3.5a; QB =35.46, d.f. = 2, p <0.001). Seeds from lianas, vines, and shrubs were not 
affected by gut passage (Figure 3.6a). Grasses experienced a decrease in germination percentage 
while herbaceous plants, sedges, and trees experienced an increase in germination percentage 
(QB = 77.32, d.f. = 7, p <0.001). Seeds from tropical areas germinated in greater percentages 
after gut passage (QB = 46.49, d.f. = 5, p <0.001), but seeds from all other areas were not 
affected (Figure 3.7a). Plant seeds ingested by animals native to the same area experience 
enhanced germination percentage (Figure 3.8a; QB = 51.8539, d.f. = 4, p <0.001). Nonnative 
interactions did not result in any significant changes. Field-sown seeds germinated in greater 
percentages in response to gut passage, whereas greenhouse and lab grown seeds were not 
affected (Figure 3.9a; QB = 29.89, d.f. = 3, p <0.001). 
 Time to germination 
When comparing clean control seeds with clean passage seeds, passage resulted in faster 
time to germination (K = 97, d = -0.455, CI95 = -0.755 – -0.156) and showed heterogeneity 
across the data (QT = 1111.33, d.f. = 96, p = <0.001). Data on time to germination was not found 
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for bats or slugs, but time to germination after gut passage for the other groups found was similar  
(Figure 3.1b). Only non-avian reptiles were found to significantly decrease the time to 
germination (QB = 13.42, d.f. = 4, p = 0.009). Seeds ingested by omnivores and herbivores 
significantly decreased time to germination, but not significantly between the two groups (Figure 
3.2b; QB = 0.41, d.f. = 3, p = 0.814). The presence of scat was not found to result in faster seed 
germination (Figure 3.3b; QB = 9.30, d.f. = 6, p = 0.158). Control fleshy-fruited seeds that were 
cleaned of pulp did not germinate any faster than seeds that were not cleaned of pulp (Figure 
3.4b; QB = 5.35, d.f. = 2, p = 0.069). Seeds from dry-fruited plants germinated significantly 
faster after gut passage (Figure 3.5b), but seeds from fleshy-fruited plants were not affected (QB 
=11.52, d.f. = 2, p  = 0.003). Gut passage decreased time to germination in herbaceous plants and 
shrubs but not for sedges and trees (Figure 3.6b; QB = 17.57, d.f. = 6, p = 0.007). Seeds from 
subtropical areas germinated faster after gut passage, but seeds from tropical and temperate 
plants were not affected (Figure 3.7b; QB = 22.125, d.f. = 3, p <0.001). Plant seeds ingested by 
animals native to the same area experience faster germination times. While sample size was low, 
native plant – introduced animals also decreased time to germination (Figure 3.8b; QB = 45.87, 
d.f. = 3, p <0.001). Data for other comparisons were lacking. Lab-sown seeds germinated faster 
than field of greenhouse seeds (Figure 3.9b; QB = 12.88, d.f. = 3, p = 0.005). 
Discussion 
Factors affecting seed germination 
 Animal taxa 
My results on germination percentage did not mirror those found in Traveset and Verdu 
(2002), but my results on time to germination was relatively similar. Whereas passage through 
the guts of birds, bats, and non-flying mammals were previously found to all enhance 
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germination percentage, I found that only non-flying mammals enhanced the percent of seeds 
germinating. Previous results indicate that larger seeds typically experience greater germination 
after gut passage (Traveset and Verdu 2002), and the results with non-flying mammals may be 
an artifact of the typically larger body sizes and larger seeds used in these studies. Time to 
germination was found to be significantly faster only after non-avian reptile gut passage. 
Animals within this group, particularly tortoises, experience relatively slow passage times in 
relation to birds and mammals (Bjorndal 1989).  
It is difficult to determine what factors cause the altered germinability patterns observed 
across different animal taxa, but many explanations appear plausible. Seeds likely imbibe water 
during gut passage, which is important for germination. This slow passage time may allow seeds 
to imbibe water; reducing the time it takes for seeds to germinate after deposition (Gardener et 
al. 1993). Thin seeds may take up too much water, leading to potential death during longer gut 
passages. Bird gizzard, mammal and lizard teeth may also lead to scarification of seeds ingested 
by those taxa and may alter germinability (Janzen 1971). Finally, different enzymatic reactions 
have also been attributed to altered germinability in response to mammal ingestion (Janzen 
1981a, Janzen 1981b, 1982), but digestive enzymes have not yet been examined in other 
herbivore groups, at least not specifically in relation to seed germinability.  
Animal diet 
Passage through herbivore and omnivore guts increased germination percentages, and 
decreased time to germination. In contrast, carnivore gut passage resulted in lowered germination 
percentages. As carnivore gastrointestinal tracts are evolved for processing protein rich animal 
tissue, the enzymes contained in their guts are more caustic and will damage and kill seeds 
(Hume 2002, Muegge et al. 2011).  
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Effect of scat 
While control seeds planted without scat did not germinate in as high of a percentage as 
control seeds with scat, time to germination in gut-passed seeds with or without scat did not 
significantly differ. All other comparisons between control and passed seeds, with or without 
scat, resulted in higher germination percentages in the passed seeds, suggesting this effect to be 
larger than scat alone. Interactions between ingestion and scat did not alter time to germination. 
Scat may often serve as a nutritive fertilizer for germinating seeds (Nchanji and Plumptre 
2003a). 
Pulp removal 
Much attention has been given to the removal of pulp during gut passage and its benefit 
to seed germinability (Janzen 1977, Howe and Smallwood 1982a). Studies on the effects of gut 
passage on seed germination in fleshy-fruited plant species seldom sow the control seed as it 
would likely be in a natural environment – encased in pulp or an intact fruit, most studies clean 
the seed free of pulp. This has been suggested to bias results as pulp may block biochemical 
pathways of germination and alter the seed’s microenvironment (Lisci and Pacini 1994, Cipollini 
and Levey 1997a, Samuels and Levey 2005b). While seeds in pulp or fruit and those cleaned of 
pulp both had positive germination after gut passage, seeds in pulp did not germinate as well in 
comparison to gut-passed seeds, resulting in larger effect sizes. 
Fleshy and dry fruits 
It has been previously found that seeds from fleshy-fruited species germinate in greater 
proportions after gut passage, and seeds from dry-fruited species germinate less. Here however, I 
find positive germination percentages in each type of fruit, and decreased time to germination in 
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dry seeds. From an evolutionary perspective, fleshy fruits evolved to be dispersed by vertebrate 
herbivores, and should benefit as observed. This increased germinability of seeds from dry fruits 
suggests that dispersal by animals may not be as deleterious as previously thought. 
Plant growth forms 
While germinability of different plant growth forms respond differently to gut passage, 
the factors influencing these differences are difficult to explain. While grasses and sedges are the 
most similar amongst the forms tested, grass germination percentage decreases and sedge 
percentages increase. In my own gut passage germinability study (see Chapter 2), I found some 
grass species to be fragile, easily splitting apart even before ingestion and being damaged after 
gut passage, whereas seeds from sedges were tough and hardy. Many trees examined were from 
tropical areas, a factor that typically result in higher germination percentages.  
Native-introduced comparisons 
Plant seeds ingested by animals native to the same area experience enhanced germination 
percentage and decreased time to germinate, probably as a result of shared evolutionary history. 
While interactions between two introduced species appear to result in lower germination than for 
only one introduced species (though not significantly), it is worth noting that this double-
introduced status is no different biologically than an introduced plant - native animal, or native 
plant - introduced animal interaction, and likely exists through random chance alone. The 
chances of both introduced plant and introduced animal being native to the same area are 
probably negligible.  
Methodology 
My results on the effects of experimental conditions were again different than those 
found in Traveset and Verdu (2002) who found germination after gut passage in both laboratory 
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and field experiments to significantly enhance germination percentage after gut passage. In 
contrast, here only gut passage in field-sown seeds do so. Gut passage germination trials 
conducted in the field are subject to heterogeneity and factors which are unable to be controlled 
as they are in the lab setting, such as availability of water. In addition, differences in germination 
time after gut passage were greatest in controlled laboratory studies. The stable well-controlled 
environment of a lab may also help explain this result, where water and nutrients may be in great 
supply.  
Implications of altered germinability 
Parent plants that have more seeds germinating gain a competitive advantage over 
conspecifics and other species in the vicinity. Decreased time to germination may also provide a 
benefit to individual seeds if they gain competitive advantage over those that are slower to 
germinate. However faster germination could potentially be deleterious in seeds that favor 
dormancy to wait for more favorable conditions (light conditions, temperature, water exposure). 
In addition to the potential benefit of increased germinability, ingested seeds may also be 
transported to a location more favorable to germination than under the parent plant.  
Future research 
 There is a large disparity in the effect sample sizes of some of the contrasts made in this 
study. The largest disparity is between the number of studies on percentage and on time to 
germination. Germination percentages are perhaps inherently easier to test because germination 
percentages can be gleaned from periodic visits to sown seeds, whereas time to germination 
requires daily visitation. There is also a disparity among the taxa tested. While a number of 
frugivorous bats have been documented dispersing seeds, there are no documented accounts on 
their effect on time to seed germination. More effort must also be put forth to examine the effect 
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of scat and pulp on germination, as clean control and passage seeds dominated the meta-analysis. 
While control seeds are unlikely to become encapsulated in scat, utilizing 2 x 2 factorial 
experiments with ingestion and presence of scat as main effects can parse apart effects from gut 
passage or those due to scat.  
 Finally, while the methodology of finding germinability studies between this study and 
Traveset and Verdu (2002) is largely similar, as are our datasets, the results are somewhat 
inconsistent. There are some 15 years between data collection of the two studies and the 
additional data may have allowed many more comparisons to be made. Another key differences 
lies in the calculation of the effect sizes- METAWIN was used in Traveset and Verdu (2002). 
While largely popular, METAWIN incorrectly calculates the log odd’s ratio, which may further 
bias results.  
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Figures     
 
Figure 3.1. Pooled effects of animal gut passage by different animal taxa on a) the percent of 
seeds germination (log odd’s ratio) and b) time to germination (Hedges’ d) in comparison to 
uningested seeds. Positive effect sizes indicate increased germination percentages or slower time 
to germination, while negative effect sizes indicate decreased germination percentages or faster 
time to germination. Dots indicate mean effect sizes and lines 95% confidence intervals. Sample 
sizes for each comparison are noted about each line. 
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Figure 3.2. Animal diet as it influences a) germination percentage and b) time to germination 
after animal gut passage. For explanations, see Figure 3.1. 
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Figure 3.3. Comparisons between combinations of control and passage seeds with and without 
scat for a) germination percentage and b) time to germination. Cl – clean; Sc – scat; Co – 
control; Ps – passage. For explanations, see Figure 3.1. 
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Figure 3.4. Fleshy-fruited seeds cleaned of pulp compared to clean passage seeds and fleshy-
fruited seeds left in pulp for a) germination percentage and b) time to germination after animal 
gut passage. For explanations, see Figure 3.1. 
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Figure 3.5. Fruit type as it influences a) germination percentage and b) time to germination in 
response to animal gut passage. Fleshy treatments that included seeds left in pulp were omitted 
for this analysis. For explanations, see Figure 3.1. 
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Figure 3.6. Plant growth form as it influences a) germination percentage and b) time to 
germination after animal gut passage. For explanations, see Figure 3.1. 
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Figure 3.7. Study habitat as it influences a) germination percentage and b) time to germination 
after animal gut passage. For explanations, see Figure 3.1. 
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Figure 3.8. Life history as it influences a) germination percentage and b) time to germination 
after gut passage. For explanations, see Figure 3.1. 
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Figure 3.9. Study design as it influences for a) germination percentage and b) time to 
germination after animal gut passage. For explanations, see Figure 3.1. 
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Tables 
Table 3.1. Terminology used throughout this study. 
Control Seed which did not pass through the gut 
Clean Seed free of pulp or scat, either control or passed 
Passage Seed which has passed through the gut 
Pulp Seed which still has pulp on it 
Scat Seed which is planted with scat present 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
   
59
References 
 
Agami, M., and Y. Waisel. 1988. The role of fish in distribution and germination of seeds of 
the submerged macrophytes Najas marina l and Ruppia maritima L. Oecologia 
76:83-88. 
 
Barnea, A., Y. Yom-Tov, and J. Friedman. 1990. Differential germination of two closely 
related species of Solanum in response to bird ingestion. Oikos:222-228. 
 
Bjorndal, K. A. 1989. Flexibility of digestive responses in two generalist herbivores, the 
tortoises Geochelone carbonaria and Geochelone denticulata. Oecologia 78:317-321. 
 
Cipollini, M. L., and D. J. Levey. 1997. Secondary metabolites of fleshy vertebrate-dispersed 
fruits: Adaptive hypotheses and implications for seed dispersal. American Naturalist 
150:346-372. 
 
Gardener, C., J. McIvor, and A. Jansen. 1993. Passage of legume and grass seeds through the 
digestive tract of cattle and their survival in faeces. Journal of Applied Ecology:63-
74. 
 
Hauser, T. P. 1994. Germination, predation and dispersal of acacia-albida seeds. Oikos 
70:421-426. 
 
Howe, H. F., and J. Smallwood. 1982. Ecology of Seed Dispersal. Ann Rev. Ecol. Syst. 13:201-
228. 
 
Hozo, S. P., B. Djulbegovic, and I. Hozo. 2005. Estimating the mean and variance from the 
median, range, and the size of a sample. BMC Medical Research Methodology 5. 
 
Hume, I. D. 2002. Digestive strategies of mammals. Acta Zoologica Sinica 48:1-19. 
 
Janzen, D. H. 1971. Seed predation by animals. Annual review of ecology and systematics 
2:465-492. 
 
Janzen, D. H. 1977. Why fruits rot, seeds mold, and meat spoils. The American Naturalist 
111:691-713. 
 
Janzen, D. H. 1981a. Digestive seed predation by a Costa Rican Baird's tapir. Biotropica:59-
63. 
 
Janzen, D. H. 1981b. Enterolobium cyclocarpum seed passage rate and survival in horses, 
Costa Rican Pleistocene seed dispersal agents. Ecology 62:593-601. 
 
Janzen, D. H. 1982. Differential seed survival and passage rates in cows and horses, 
surrogate Pleistocene dispersal agents. Oikos:150-156. 
  
   
60
 
Janzen, D. H. 1984. Dispersal of small seeds by big herbivores - foliage is the fruit. American 
Naturalist 123:338-353. 
 
Lajeunesse, M. J. 2016. Facilitating systematic reviews, data extraction and meta-analysis 
with the metagear package for r. Methods in Ecology and Evolution 7:323-330. 
 
Lisci, M., and E. Pacini. 1994. Germination Ecology of Drupelets of the Fig (Ficus carica, L). 
Botanical Journal of the Linnean Society 114:133-146. 
 
Mayer, A. M., and A. Poljakoff-Mayber. 1963. The germination of seeds. The germination of 
seeds. 
Muegge, B. D., J. Kuczynski, D. Knights, J. C. Clemente, A. González, L. Fontana, B. Henrissat, 
R. Knight, and J. I. Gordon. 2011. Diet drives convergence in gut microbiome 
functions across mammalian phylogeny and within humans. Science 332:970-974. 
 
Murray, K. G., S. Russell, C. M. Picone, K. Winnettmurray, W. Sherwood, and M. L. Kuhlmann. 
1994. Fruit laxatives and seed passage rates in frugivores - consequences for plant 
reproductive success. Ecology 75:989-994. 
 
Nchanji, A. C., and A. J. Plumptre. 2003. Seed germination and early seedling establishment 
of some elephant-dispersed species in Banyang-Mbo Wildlife Sanctuary, south-
western Cameroon. Journal of Tropical Ecology 19:229-237. 
 
R Core Team. 2015. R: A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. 
 
Samuels, I. A., and D. J. Levey. 2005. Effects of gut passage on seed germination: do 
experiments answer the questions they ask? Functional Ecology 19:365-368. 
 
Sweeting, M. J., A. J. Sutton, and P. C. Lambert. 2004. What to add to nothing? Use and 
avoidance of continuity corrections in meta-analysis of sparse data. Statistics in 
Medicine 23:1351-1375. 
 
Traveset, A. 1998. Effect of seed passage through vertebrate frugivores' guts on 
germination: a review. Perspectives in Plant Ecology, Evolution and Systematics 
1:151-190. 
 
Traveset, A., and M. Verdu. 2002. A meta-analysis of the effect of gut treatment on seed 
germination. Pages 339-350 in D. J. Levey, W. R. Silva, and M. Galetti, editors. Seed 
Dispersal and Frugivory: Ecology, Evolution and Conservation. CABI Publishing, 
Wallingford, UK. 
 
van der Pijl, L. 1972. Principles of dispersal in higher plants, Springer, New York Heidelberg 
Berlin. 
  
   
61
 
Viechtbauer, W. 2010. Conducting Meta-Analyses in R with the metafor Package. Journal of 
Statistical Software 36:1-48. 
 
Wahaj, S. A., D. J. Levey, A. K. Sanders, and M. L. Cipollini. 1998. Control of gut retention time 
by secondary metabolites in ripe Solanum fruits. Ecology 79:2309-2319. 
 
Wan, X., W. Q. Wang, J. M. Liu, and T. J. Tong. 2014. Estimating the sample mean and 
standard deviation from the sample size, median, range and/or interquartile range. 
BMC Medical Research Methodology 14. 
 
 
 
 
  
   
62
 
 
 
 
 
APPENDICES
  
   
63
 
 
Appendix A: Supplementary Materials: Chapter 1  
 
Supplementary tables 
 
Table A1. Distribution type used in generalized linear models for comparing ground controls (G), fenced controls (C), and exclosures 
(E) for each metric measured for tortoise exclosure experiments.  
 
              
Metric Comparison 
  C vs G start C vs G end 
E vs Grouped C 
start 
E vs grouped C 
end 
E start vs end 
Grouped C start vs 
end 
Number of 
individuals 
Negative 
binomial 
Negative 
binomial 
Negative binomial Negative binomial 
Negative 
binomial 
Negative binomial 
Species richness Poisson Poisson Poisson Poisson Poisson Poisson 
Gini-Simpson 
Diversity 
Gaussian Gaussian Gaussian Gaussian Gaussian Gaussian 
Dominance Beta Beta Beta Gaussian Beta Beta 
Evenness Beta Gaussian Beta Beta Beta Beta 
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Table A2. Comparisons between fenced control and ground control for the beginning and end of the exclosure experiment. As no 
comparisons were significantly different, both control types were lumped into one for the final analyses. 
 
  Plot mean SE  Plot mean SE  χ2 p 
Number of individuals  Fenced control : start 221 39.06  Ground control : start 300.75 121.77  0.836 0.361 
 Fenced control : end 258 115.89  Ground control : end 276 59.14  0.023 0.880 
Richness  Fenced control : start 7.5 0.5  Ground control : start 7.25 0.25  0.017 0.896 
 Fenced control : end 8 0.41  Ground control : end 7.75 0.63  0.016 0.900 
Gini-Simpson Index  Fenced control : start 0.65 0.06  Ground control : start 0.6 0.05  0.488 0.485 
 Fenced control : end 0.65 0.02  Ground control : end 0.66 0.05  0.047 0.829 
Dominance  Fenced control : start 0.45 0.08  Ground control : start 0.54 0.07  0.792 0.374 
 Fenced control : end 0.53 0.02  Ground control : end 0.5 0.05  0.368 0.544 
Evenness  Fenced control : start 0.75 0.06  Ground control : start 0.7 0.06  0.708 0.400 
 Fenced control : end 0.74 0.02  Ground control : end 0.76 0.05  0.326 0.568 
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Appendix B: Supplementary Materials: Chapter 3  
 
Supplementary tables 
 
Table B1. Sample sizes for each pairwise comparison. Terminology is explained in Table 3.1. 
PERCENTAGE pulp control clean control 
clean 
passage scat control scat passage 
total 
pulp control   108 125 0 35 
1688 
clean control     1197 35 55 
clean passage       35 63 
scat control         35 
scat passage           
TIME TO 
GERMINATION pulp control clean control 
clean 
passage scat control scat passage 
total 
pulp control   34 3 15 0 
204 
clean control     97 8 15 
clean passage       6 20 
scat control         6 
scat passage           
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Table B2. Pooled estimates and 95% confidence intervals for germination percentages. 
Variable K d 
lower 95% 
CI 
upper 95% 
CI 
Animal taxa  
   
 
Bats 55 0.212 -0.294 0.718 
 
Birds 352 0.213 -0.002 0.429 
 
Fish 22 0.511 -0.434 1.455 
 
Non-avian reptiles 111 0.290 -0.080 0.660 
 
Non-flying mammals 651 0.419 0.264 0.575 
 
Slugs 6 1.445 -0.148 3.038 
Animal diet  
   
 
Carnivore 13 -0.917 -1.952 0.118 
 
Herbivore 356 0.468 0.256 0.679 
 
Omnivore 828 0.314 0.177 0.452 
Effect of scat  
   
 
Cl:Co vs Cl:Ps 1197 0.345 0.228 0.462 
 
Sc:Co vs Cl:Ps 35 1.089 0.325 1.854 
 
Cl:Co vs Sc:Co 35 0.835 0.117 1.554 
 
Cl:Co vs Sc:Ps 55 0.873 0.309 1.438 
 
Cl:Ps vs Sc:Ps 63 0.127 -0.412 0.666 
 
Sc:Co vs Sc:Ps 35 1.187 0.417 1.956 
Pulp removal  
   
 
Clean control 1028 0.321 0.200 0.441 
 
Pulp control 125 0.943 0.585 1.301 
Fleshy and dry fruits  
   
 
Dry 169 0.495 0.175 0.814 
 
Fleshy 1028 0.322 0.199 0.445 
Habitat  
   
 
Boreal 11 0.306 -0.758 1.370 
 
Cosmopolitan 27 0.251 -0.585 1.086 
 
Subtropical 318 0.086 -0.133 0.304 
 
Tropical 686 0.517 0.365 0.669 
 
Temperate 155 0.154 -0.163 0.471 
Plant growth form  
   
 
Grass 17 -1.849 -2.941 -0.758 
 
Herbaceous 164 0.529 0.216 0.843 
 
Sedge 6 2.324 0.611 4.037 
 
Shrub 394 -0.014 -0.211 0.182 
 
Tree 586 0.558 0.396 0.720 
 
Vine 11 0.903 -0.366 2.172 
 
Liana 19 0.398 -0.545 1.341 
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Table B2 (continued) 
Native-Introduced comparisons  
   
 
Intr. plant with Intr. animal 23 -0.794 -1.620 0.033 
 
Nat. plant with Intr. animal 47 0.132 -0.447 0.711 
 
Intr. plant with Nat. animal 61 -0.348 -0.839 0.143 
 
Nat. plant with Nat. animal 1066 0.420 0.299 0.541 
Methodology  
   
 
Field 413 0.490 0.299 0.680 
 
Greenhouse 235 0.161 -0.095 0.417 
 Lab 31 0.160 -0.024 0.345 
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Table B3. Pooled estimates and 95% confidence intervals for time to germination. 
Variable K d 
lower 95% 
CI 
upper 95% CI 
Animal taxa  
   
 
Birds 26 -0.472 -1.050 0.105 
 
Fish 2 -0.831 -3.157 1.494 
 
Non-avian reptiles 7 -1.495 -2.552 -0.439 
 
Non-flying mammals 62 -0.309 -0.679 0.062 
Animal diet  
   
 
Herbivore 30 -0.562 -1.117 -0.007 
 
Omnivore 66 -0.401 -0.767 -0.036 
Effect of scat  
   
 
Cl:Co vs Cl:Ps 97 -0.496 -0.897 -0.095 
 
Sc:Co vs Cl:Ps 6 -0.944 -2.503 0.615 
 
Cl:Co vs Sc:Co 8 -0.650 -2.004 0.703 
 
Cl:Co vs Sc:Ps 15 -0.528 -1.535 0.479 
 
Cl:Ps vs Sc:Ps 20 0.111 -0.755 0.977 
 
Sc:Co vs Sc:Ps 6 0.074 -1.494 1.641 
Pulp removal  
   
 
Clean control 74 -0.283 -0.524 -0.042 
 
Pulp control 3 -0.143 -1.292 1.006 
Fleshy and dry fruits  
   
 
Dry 23 -0.902 -1.529 -0.275 
 
Fleshy 74 -0.324 -0.661 0.013 
Habitat  
   
 
Subtropical 31 -1.270 -1.807 -0.732 
 
Tropical 60 -0.105 -0.457 0.247 
 
Temperate 6 -0.352 -1.513 0.809 
Plant growth form  
   
 
Herbaceous 8 -1.250 -2.299 -0.201 
 
Sedge 2 -1.337 -3.280 0.606 
 
Shrub 32 -0.750 -1.287 -0.213 
 
Tree 53 -0.210 -0.599 0.179 
Native-Introduced comparisons  
   
 
Nat. plant with Nat. animal 94 -0.349 -0.606 -0.092 
 
Nat. plant with Intr. animal 2 -8.908 -11.754 -6.063 
Methodology  
   
 
Field 41 -0.213 -0.667 0.242 
 
Greenhouse 24 -0.392 -1.004 0.221 
 Lab 31 -0.927 -1.489 -0.366 
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Appendix C: Institutional Animal Care and Use Committee Approval Letter  
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Appendix D: Florida Fish and Wildlife Scientific Collecting Permit  
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Appendix E: Florida Department of Environmental Protection Non-commercial  
  Research/Collecting Permit  
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Appendix F: Federal Fish and Wildlife Research & Monitoring Special Use Permit 
 
